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ABSTRACT 

Electron currents between metal electrodes separated by an 

insulator can be explained on the basis of field (tunneling) or ther- 

mal emission. 

the insulator, have been derived and exist in the literature. These 

expressions are, in general, explicit in the electrical properties of 

uAAG A A A ~ ~ Q I ~ , U I ,  CILLC pria;>icai i.urll”igurttiion of tine junction ana the ex- 

ternal conditions such as applied bias, temperature, etc. 

Analytical expressions, based on a band-gap model of 

A L -  : - . . r - . l - L - u  A L -  -L --- 

Experiments were conducted on metal-insulator-metal junctions 

to determine the characteristics and develop, to a certain degree 

of sophistication, the technology of thin film devices. 

consisted of Al electrodes separated by a thin polymer film. 

was formed by polymerizing silicone diffusion pump oil, incident on 

the junction substrate with an electron beam. 

is rather an amorphous material when compared with the periodic struc- 

The junctions 

The film 

Although this polymer 

ture of some insulating materials, it is assumed that t& familiar 

band gap model is still valid and usefil, 

The voltage-current characteristics of the devices are highly 

dependent on insulator thickness. Some hysteresis is observed at low 

fields. Evidence for the formation of a polarization charge is seen. 

The Junctions are quite symmetrical in their electrical behavior. 

The experimental voltage-current curves are understandable 

in the light of tunneling theory. 

found that indicated that field and thermal current mechanisms operate 

simultaneously. Sharp breaks in the slopes of the V-I curves can be 

For thicker samples, evidence is 



expla ined  by p o s t u l a t i n g  t h a t  f i e l d  emission becomes t h e  more dominant 

mechanism as  t h e  app l i ed  b i a s  i s  inc reased .  

The s lope  and zero b i a s  i n t e r c e p t s  of t h e  cur ren t -vol tage  

curves y i e l d  d a t a  about t h e  i n s u l a t o r .  

1 kc i s  2 .8  and t h e  index of r e f r a c t i o n  i s  1 . 5 .  The b a r r i e r  he igh t  

a t  zero b i a s  i s  $J = 1.05 ev.  The e f f e c t i v e  mass of an e l e c t r o n  i n  

t h e  forbidden band of  t h e  i n s u l a t o r  i s  0 .11  m . 

The d i e l e c t r i c  cons tan t  a t  

0 

e 
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CHAPTER I 

THEORY OF METAL-INSULATOR-METAL CURRENT MECHANISMS 

A. In t roduct ion  

Current f lowing between two m e t a l  e l e c t r o d e s  sepa ra t ed  by 

an i n s u l a t i n g  b a r r i e r  can be expla ined  on t h e  b a s i s  of e i t h e r  or both  

of two mechanisms. A t  O°K and under t h e  in f luence  of  a h igh  e l e c t r i c  

f i e l d ,  e l ec t ron  c u r r e n t s  are understandable  only i n  t h e  l i g h t  of quan- 

tum mechanical f i e l d  emission. A t  temperatures  above 0 K and wi th  

no b i a s  appl ied ,  thermal  emission accounts  f o r  any c u r r e n t  f lowing.  

Various s p e c i a l  cases  of  both mechanisms have been s t u d i e d  i n  some 

d e t a i l  and w i l l  be considered below. 

0 

These mechanisms are a l l  based on a band gap model of t h e  

i n s u l a t i n g  l a y e r .  This  model i s  q u i t e  agreeable  when cons ider ing  in -  

s u l a t i n g  so l id s  i n  t h e  c r y s t a l l i n e  state.  However, where t h e  subs tance  

i s  not  c r y s t a l l i n e  bu t  amorphous, a s s e r t i o n s  based s o l e l y  on t h e  s i m -  

p l e  Kronig-Penney model are no longer  v a l i d .  

Although a long range o rde r  does not  e x i s t  i n  amorphous sub- 

s t a n c e s ,  a c e r t a i n  amount of  s h o r t  range o rde r ing  i s  found. This  s h o r t  

range order  i n d i c a t e s  t h e  presence of atom-atom i n t e r a c t i o n s .  I f  t h e  

component atoms a r e  "brought in ' '  from i n f i n i t y  t o  t h e i r  r e s p e c t i v e  po- 

s i t i o n s  i n  t h e  amorphous m a t e r i a l ,  t h e  degeneracy of  t h e  atomic l e v e l s  

i n  t h e  ind iv idua l  atoms i s  removed by t h e  mutual i n t e r a c t i o n ,  wi th  t h e  

r e s u l t  t h a t  each h igh ly  degenerate  l e v e l  i s  s t i l l  s p l i t  i n t o  a l a r g e  

number of d i s t i n c t  l e v e l s .  These l e v e l s  may not  be as numerous as 

t h o s e  i n  a c r y s t a l l i n e  subs tance  bu t  e x i s t  i n  s u f f i c i e n t  q u a n t i t i e s  

1 
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to define energy bands. For amorphous insulators such as polymers, 

composed of large and irregular molecules, the band gap and the density 

of states in the valence and conduction bands are, presumably, functions 

of position in the "quasi" lattice. 

this type of material, average values for the band gap ,;..F; 're a~o?te:. 

B. F i e l d  Emission 

It is understandable that, f o r  

- 
The wave-particle duality of the electron may be expressed 

4 Schro-r'e time independent equation which describes the motion 

of an e2ectron as a wave packet moving through three dimensional space. 

"hits relskion may be written in the form 

-h2 2 - 
2m V u - ( E  - ~V)U = 0 

1 2 Various sSlUt$OWJ to this equation are undertaken in Leighton, Messiah 

and  other^^$^. One of the most  Important cases of t h e  above is that 

of a "one-dimensional" free-particle encountering a potential barrier. 

It Pat found 1y2u3'4 that as a result of the impact with a barrier whose 

height is too great, at least classically, for the particLe to surmount, 

there is a finite proba5ility the particle will penetrate into and 

beyond tho barrier. The solution to equation (1) inside the barrier 

is a wave whose amplitude dies off  exponentially. This exponential 

decay can be thought of as a transmission coefficient which may be 

mitten, with the help of the well known WKB approximation as 

2 
D(E) = exp - [2m(V(x) - E )]1'2dx (2) -4lI 

X 
1 's 

2 where Ex = 1/2 mvx :SI s and s are as shown in figure 1. 1 2 
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r 
c S 

I n s  u l a t  or 

E g u r e  1 

Elec t rode  2 

General Ba r r i e r  i n  an I n s u l a t i n g  Film Between Two Metal Elec t rodes  

The q u a n t i t y  D(Ex) may be i n t e r p r e t e d  as t h e  p r o b a b i l i t y  

t h a t  any given e l e c t r o n ,  i nc iden t  on t h e  me ta l - in su la to r  boundary, 

w i l l  be t r ansmi t t ed  through t h e  i n s u l a t o r .  

success fu l ly  tunnel ing  through t h e  barr ier  i s  w r i t t e n ,  i n  d i f f e r e n t i a l  

form 

The c u r r e n t  of  e l e c t r o n s  

= ev D(Ex)dN ( 3 )  
dJx X 

Jx = c u r r e n t  d e n s i t y  i n  t h e  x d i r e c t i o n  

e = 1 . 6  x 10'~' coul .  

v = v e l o c i t y  i n  t h e  x d i r e c t i o n  corresponding t o  Ex 
X 

D ( E ~ )  = t r ansmiss ion  c o e f f i c i e n t .  

Following t h e  method of Simmons5 and i n t e g r a t i n g  equat ion 

( 3 1 ,  t he  cur ren t  from e l e c t r o d e  1 c o l l e c t e d  by e l e c t r o d e  2 may be 



I '  
. 

written 

where 

n(vx)dvx = density of electrons with x component of velocity 

between v and vx + dvx 
X 

v E = the maximum x directed velocity/energy in the my m 
eiec LrviLt:. 

For an isotropic velocity distribution in the electrode, 

the density of electrons is 
? 

4 
n(vx,v ,v )dv dv dv = - 2m f(E)dvxdv dv Y z  x Y z  h3 Y Z  ( 5 )  

where f(E) is the Fermi-Dirac distribution function. It is a fact 

that, for any probability density function of several independent var- 

iables, the density function of a subset of the variables may be writ- 

ten 31 

g(a) = g(a,b,c)dbdc 
J 

-m 

In this fashion 

I .  m 

4 I 

or 

n(vx) = - 4'm3 f(E)dEr 

0 
h3 
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where 

2 = 1/2 m(v + v 2, = 1/2 mvr Er Y Z 

Using t h i s  f a c t ,  equat ion ( 4 )  can now be w r i t t e n  as 

0 0 

The flow of e l e c t r o n s  away from e l e c t r o d e  2 ,  b i a s e d  a t  V above e lec-  

t r o d e  1, i s  similar i n  form. 

0 0 

The n e t  cur ren t  i s  

2 J = J  + J  1 

03 E 2 

(9) 
= - 4 ~ r m  e 

D(Ex)dEx 1 [ f ( E )  - F(E + eV)laEr 

0 0 
h3 

Up t o  t h i s  p o i n t ,  t unne l ing  theo ry  i s  q u i t e  s t r a igh t fo rward  

and uniform from author  t o  au tho r .  

o f  t h e  t ransmiss ion  c o e f f i c i e n t  it i s  necessary t o  make approximations 

about t h e  shape of t h e  tunne l ing  b a r r i e r  and dec ide  on " rep resen ta t ive"  

parameters f o r  non-uniform o r  d i f f i c u l t  shapes.  

Fowler and Nordheim 

However, t o  perform t h e  i n t e g r a t i o n  

6 and Holms' c a l c u l a t e  t h e  c u r r e n t  f o r  a 

s imple r ec t angu la r  barrier and H o b s  inc ludes  a c o r r e c t i o n  term f o r  t h e  

image force  t h a t  a charge experiences when it i s  i n  t h e  proximity of 

a metal p l a t e .  
10 More r ecen t  work by Simmons 5 , 8 ' 9  and S t r a t t o n  



4' . 

6 

i nc ludes  t h e  above work and adds s e v e r a l  important ref inements .  It  

i s  worthwhile t o  cons ider  t h e  r e s u l t s  of Simmons and then  S t r a t t o n .  

Simmons begins  by wr i t ing  V(x) = rl + $ ( x )  as i n  f i g u r e  1. 

Equation 2 becomes 

S 

1'2 [rl + $(XI  - E I1/*dx (10 )  D(E )= exp - (h) -477 
X h X 

0 

where s i s  t h e  th i ckness  of t h e  i n s u l a t o r .  For any type  of b a r r i e r ,  

it i s  convenient t o  de f ine  t h e  mean b a r r i e r  he ight  wi th  r e fe rence  

t o  t h e  Fermi level  of t h e  nega t ive ly  b i a sed  e l e c t r o d e .  

Using equat ions  (10) and (11), ~ i m m o n s ~  i n t e g r a t e s  equat ion ( 9 )  

wi th  t h e  fol lowing r e su l t :  

A t  t h i s  po in t  t h e  a l t e r a t i o n  of t h e  b a r r i e r  shape due t o  t h e  

image f o r c e  must be considered.  A s  an e l e c t r o n  l eaves  t h e  cathode of  

t h e  tunne l ing  junc t ion  it i s  ac ted  on by i t s  image charge on t h e  f a c e  

of  t h e  e l ec t rode .  This  i n t e r a c t i o n  i s  one of a t t r a c t i o n  and a l t e r s  t h e  

p o t e n t i a l  map t o  a l a r g e  ex ten t  a t  t h a t  b a r r i e r  edge. Ac tua l ly ,  t h e  

tunne l ing  charge does not "see" a s i n g l e  image charge bu t  i s  ac t ed  on 

by an i n f i n i t e  series of  image charges,  i . e . ,  t h e  image of t h e  image 

i n  t h e  second e l ec t rode  and s o  f o r t h .  The image p o t e n t i a l  due t o  
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32 t h i s  series of charges  i s  

where x i s  t h e  d i s t a n c e  of t h e  e l e c t r o n  from e l e c t r o d e l .  A good approx- 

imat ion t o  equat ion (13) i s  given by Simmons ( r e f e r e n c e  5 ,  equat ion  33 ) .  

This  approximation may be  w r i t t e n  

2 - -e2 { 1.15Rn2 1 
- 4 n ~  2 

o r  
2 

-1.15Xs 
vi = 

where 

2 e Rn2 A = -  
8 7 ~ ~ s  

If t h e  image p o t e n t i a l  and t h e  p o t e n t i a l  due t o  an e x t e r n a l  

bias,  V1, i s  considered,  t h e  t o t a l  p o t e n t i a l  of an e l e c t r o n  i n  t h e  

i n s u l a t o r  i s  

2 eVx 1.15As 
= 9, - - - s x(s - x) 

The e f f e c t i v e  th i ckness  of t h e  b a r r i e r  i s  determined by t h e  

real roo t s  of t h e  above equat ion .  These r o o t s  r ep resen t  t h e  p o i n t s  

where t h e  e l e c t r o n  p o t e n t i a l  i s  zero wi th  r e s p e c t  t o  t h e  Fermi l e v e l  

o f  e l ec t rode  1. 

The app l i ed  b i a s  may be i n  t h r e e  d i f f e r e n t  ranges 

eV = 0 



c 

8 

eV $o 

eV ’ 4o 

The last case is, in general, the case anticipated in the experimental 

work. 

approximation 

For this case, the roots to equation ( 1 5 )  may be written to good 

s = 1.2As/40 1 

s 2 = (+o - 5.6~)(s/e~) (16) 

-_ ‘ m e  corrected ’uarrier iieigiii , GI , ruay be I”vuid by i-eplae- 

ing the integral in equation (11) with equation (15) and changing the 

2’ limits of integration to s and s 1 
Performing the integration, it is found that 

Figure2a shows the three possible bias levels with no image 

force correction. Figure 2b shows the same bias conditions with the 

image force taken into consideration. It is seen that the mean barrier 

height for the image corrected barrier is smaller than that for the 

uncorrected barrier for corresponding bias conditions. 

Using these corrected parameters, equation (121, as given 

10 by Simmons , may be rewritten as 

e E 
J =  x 21~h(As)~ {‘Iexp[- 21~h(As)~ 
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t 

M 

U 

(ii) 

Figure 2a 

v = o  
(i> 

1 

Figure 2b 

Insulating Barrier as a Function of Applied Bias 
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o r ,  i n  p r a c t i c a l  u n i t s  

2 where A s  i s  i n  angstroms, $I i n  e -vo l t s ,  V i n  v o l t s  and J i n  amps/cm 

S t r a t t o n  r ep laces  t h e  t ransmiss ion  c o e f f i c i e n t  expressed i n  

equat ion  i2j by an i n f i n i t e  s e r i e s  and then  r e t a i n s  only t n e  l i n e a r  

term i n  E such t h a t  
X 

where 

1 S 

and 

1 S 

The p o i n t s  s and s are t h e  same as those  given by equat ion  (16 )  

and r ep resen t  t h e  p o i n t s  where $ ( x )  = 0 wi th  r e spec t  t o  t h e  Fermi 

1 2 

level ,  q ,  of t h e  nega t ive  e l ec t rode ,  S t r a t t o n  c a r r i e s  ou t  t h e  i n t e -  

g r a t i o n  of equat ion (9 )  us ing  t h e  method of Murphy and Good1' and t h e  

above approximation t o  o b t a i n  t h e  fol lowing equat ion:  
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I n  e f f e c t ,  what S t r a t t o n  has done i s  t o  r e p l a c e  t h e  t r u e  p o t e n t i a l  

barrier p o t e n t i a l  ' (x )  by a r ec t angu la r  b a r r i e r  where he igh t  I$ i s  so  r 

determined t h a t  

J 
S 1 

That i s ,  6, i s  t h e  square of  t h e  average va lue  of [ ' (x ) ] ' '~ .  This 

q u a n t i t y  i s  q u i t e  d i f f e r e n t  than  5 as def ined  by equat ion  (11). 

From (21)  S t r a t t o n  de r ives  t h e  cu r ren t  d e n s i t y  express ion  

f o r  a symmetric b a r r i e r  as 

exp ( -b12V%inh ( Y V )  h ~ m e ( k T ) ~  nc1 nkT e x p ( b l 0 )  J =  7 c  kT)zsin(vclkT) h2 10  

where t h e  b's and c ' s  are c o e f f i c i e n t s  of bl and c1 expressed as power 

series i n  V. The s e r i e s  are 

2 - bl - b10 -bllV + b12V + . . . 
2 c = c  -c V + C 1 2 V  + .  . . 1 10 11 

With a reasonable  amount of accuracy,  depending on t h e  vo l t age  range,  

on ly  t h e  f i rs t  t h r e e  t e r m s  i n  t h e  expansion f o r  b and t h e  f i r s t  t e r m  1 
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i n  c need t o  be r e t a i n e d .  Although t h i s  appears t o  be  a r a t h e r  ar- 

b i t r a r y  s t e p ,  good agreement with experimental  d a t a  a t  low t o  moderate 

1 

vo l t ages  i s  obta ined .  A t  most b i a s  vo l t ages  encountered i n  t h e  follow- 

i n g  experiments a good approximation t o  equat ion  (23 )  i s :  

A I  2 
J = 2 exp(-b12V ) e x p ( y  e V )  

The f a c t o r  of e i n  t h e  argument of t h e  second exponent w a s  no t  i n -  

c luded i n  t h e  o r i g i n a l  paper ( r e f .  1 0 ) .  

It i s  important  t o  note t h a t  a l though c and b are coef- 1 0  1 2  

f i c i e n t s  of  a series expansion, t hey  have not  l o s t  t h e i r  i d e n t i t y  

w i t h  t h e  parameters  of  t h e  phys ica l  system bu t  may e a s i l y  be found 

from equat ion (19) by expanding [ @ ( x , V ] ' ' ~  as a series i n  V and i n t e -  

g r a t i n g  . 
The temperature  dependence of t h e  tunne l ing  phenomenon may 

be  obta ined  from equat ion  ( 2 1 ) .  

c u r r e n t  through t h e  sample may be w r i t t e n  as 

If t h e  vo l t age  i s  he ld  cons t an t ,  t h e  

J( 0 )kTTcl 
s i n (  TIC kT) J ( V  = c o n s t . )  = 

10 

bvme exp (b7 0 where J(0) = - 
h2 c l o  
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Expanding the sine term in the denominator 

2 J(V = const.) = J(O)[l + 1/6(1~c~~kT) + . . . ]  (27) 

or 
2 J(V = const.) - J ( 0 )  = crT 

This temperature dependence results from either Stratton or Simmons' 

equation. 

C. Thermal Bnission 

The Fermi-Dirac distribution predicts that, out of a large 

group of electrons, a certain number will posses energies higher than 

a given value. With respect to a metal-insulator interface, this im- 

plies that a number of electrons in the electrode will have sufficient 

energy to pass directly into the conduction band of the insulator and 

be collected by a second electrode. For a metal-vacuum interface the 

current of these electrons is given by the Richardson equation . 30 

-Ji exp - (2d2 h3 kT 
J = -  1 2em( kT)2 

where $ is the work function of the electrode. 

For emission into an insulator other than a vacuum, equation 

(28) should be modified in two ways. 

sulator is not free but, constrained by the insulator conduction band, 

necessitating the definition of an effective mass, m*, for the elec- 

tron in this region. Second, the metal-insulator potential boundary 

must be modified to include the image force experienced by the elec- 

tron in the insulator while still in the proximity of the electrode. 

Taking both of these points into Consideration, Johnson12 writes the 

First, the electron in the in- 
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thermal current as 

where K = relative dielectric constant of the insulator 

F = electric field in the insulator, V/s. 

Taking the log of both sides of equation (24), it is apparent 

that 

Iln J a T  

Since thermal or Schottky emission, unlike tunneling, is exponentially 

dependent on temperature, it is often advantageous to use a variation 

in temperature to identify and separate mechanisms. 

D. Summary of Theory 

The above summation of field and thermal emission theory 

allows several important conclusions to be drawn which are directly 

applicable to the subsequent discussion of experimental results. 

a) Simmons ' equation (18) expresses the tunneling current 

explicitly in terms of the "corrected" physical parametew 

of the system. 

By considering the image forces and the external bias, 

the dielectric thickness and the barrier height may be 

assigned corrected or effective values. 

parameters are explicit functions of the uncorrected 

values, the dielectric constant and the applied bias. 

b) 

These effective 

c) Stratton's equation (23) involves approxi i ations yet 
remains explicit in the junction parameters. Because of 

its relative simplicity, the equation lends itself to 



comparison with theory. 

d) Both theoretical formulations lead to 

i) the Sommerfield-Bethe o r  Fowler-Nordheim equation 

as the bias becomes much larger than the barrier 

height. 

2 ii) a T dependence of current on temperature at a 

constant bias. 

e) The thermal component of the current in the dielectric 

is given by the Schottky equation (29). This equation 

predicts an exponential temperature dependence and sug- 

gests ways of measuring the system parameters. 



CHAPTER I1 

EXPERIMENTAL METHOD 

A. In t roduc t ion  

Metal-insulator-metal  j unc t ions  i n  which t h e  i n s u l a t o r  th ickness  

i s  on t h e  order  of 100 A or l e s s ,  y e t  i s  uniformly t h i c k  and f r e e  of cata-  
0 

s t r o p h i c  de fec t s  such as  pinholes and s h o r t s ,  r equ i r e  we l l  developed 

technology t o  produce and a c e r t a i n  amount of experimental  soph i s t i ca -  

t i o n  t o  t e s t ,  

(on t h e  order  of I69  t o  10 

I n  order  t o  measure very s m a l l  cu r r en t s  through t h e  sample 

- 12 amps) wi th  good p r e c i s i o n ,  c i r c u i t s  wi th  

minimum noise  and m a x i m u m  s t a b i l i t y  had t o  be engineered. 

taken t o  keep t h e  e f f e c t  of unknown parameters at a minimum. 

Much care  w a s  

B. The Tunneling Junct ion  

1. Metal-Insulator-Metal Configurat ion 

Figure 4 shows the  b a s i c ,  p h y s i c a l  conf igura t ion  of  t h e  

metal- insulator-metal  ( M I M )  junc t ion .  The metal  e l e c t r o d e s  a r e  a t  r i g h t  

Top Elec t rode  , 
I' 

Figure 3 

B a s i c  M I M  Configurat ion 

16 



17 

angles t o  each o t h e r ,  s epa ra t ed  a t  t h e i r  over lap  by a polymer i n s u l a t o r  

and extending approximately 1 cm. beyond t h e  junc t ion  t o  provide e l e c t r i c a l  

contac t  f o r  t e s t i n g .  Samples of t h i s  conf igu ra t ion  were e s p e c i a l l y  easy 

t o  connect t o ,  and, f o r  t h i s  reason,  gave q u i t e  c o n s i s t e n t  d a t a ,  

However, only one sample of t h i s  type could be made p e r  run,  o f t q p  con- 

suming seve ra l  hours .  A second conf igura t ion  , f i g u r e  5 , allows t h r e e  

junc t ions  t o  be made a t  a t ime. It was found, though, t h a t  d i f f i c u l t i e s  

TOD Elec t rode  

&/\ Bottom Electrode 

Polymer I n s u l a t o r  c c  /- b s t r a t e  

Figure 4 

Three-On-One M I M  Configurat ion 

i n  making good contac t  t o  the  t o p  f i e l d  p l a t e ,  even wi th  a Ga-In 

blob con tac t ,  lead t o  incons i s t enc ie s  i n  t h e  data. 

t h e  experiments were performed on samples of t h e  f i r s t  type .  

The major i ty  of 

2. Subs t r a t e  

The M I M  junc t ions  were formed on c i r c u l a r  g l a s s  sub- 

s t r a t e s  one inch i n  diameter.  The g l a s s  w a s  ground, po l i shed  and 

o p t i c a l l y  f l a t .  Vapor from b o i l i n g  t r i c h l o r o e t h y l e n e  w a s  used t o  

remove p a r t i c l e s  and grease  adhering t o  t h e  su r face .  

under a 6 0 ~  microscope w a s  used t o  r e j e c t  samples with obvious su r face  

imperfect ions.  Grazing i l l umina t ion  made t h e  de t ec t ion  of s u r f a c e  

A c lose  in spec t ion  
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s c r a t c h e s  e a s i e r .  The s u b s t r a t e s  were then  cleaned aga in ,  immediately 

before  be ing  p laced  i n  t h e  vacuum chamber. 

3. Metal Elec t rodes  
? 

The upper and lower e l e c t r o d e s  of t h e  junc t ion  were 

formed by vapor depos i t ion .  I n  t h e  l a r g e  ma jo r i ty  of cases  Al, 99.99% 

pure ,  was used as t h e  e l ec t rode  m a t e r i a l .  The Al was vaporized by a 

f ive - tu rn  tungs ten  h e a t i n g  c o i l  l oca t ed  about 20 cm. from t h e  s u b s t r a t e .  

Two shee t  A1 masks, each wi th  a s i n g l e  s l i t  1 . 2  mm wide ,  were h e l d  

w i t h i n  .5 mm of t h e  s u b s t r a t e  t o  form t h e  e l e c t r o d e s .  Because t h e  masks 

could not  be pressed  d i r e c t l y  aga ins t  t h e  s u b s t r a t e ,  t h e  width of t h e  
i 

A1 e l e c t r o d e s  v a r i e d  from sample t o  sample. A l o x  Zeiss  c a l i b r a t e d  

eye-piece w a s  used t o  determine t h e  a c t u a l  w i d t h ' o f  t h e  e l e c t r o d e s  and 

it w a s  found t h a t  t h e  junc t ion  area v a r i e d  from 1 .5  mm t o  1.75 mm . 
The experimental  V-I c h a r a c t e r i s t i c s  were normalized t o  1 . 4  mm2 i n  each 

2 2 

case  t o  account f o r  t h e  v a r i e d  junc t ion  a rea .  

The e l ec t rodes  were made s u f f i c i e n t l y  t h i c k 9  about TOO - 
0 

1200 A,  so  t h a t  t h e  junc t ion  cur ren t  w a s  c o n t r o l l e d  only by t h e  pro- 

p e r t i e s  of t h e  t h i n  i n s u l a t i n g  layer. A s t r i p  of  t h e  depos i ted  Al, 

2 .5  cm. i n  l eng th  and 1.3 mm. wide had about 15 ohms dc r e s i s t a n c e .  

Since t h e  r e s i s t a n c e  i s  i n  s e r i e s  wi th  t h e  j u n c t i o n ,  on t h e  o rde r  of  

10 ohms, it i s  considered quite n e g l i g i b l e .  9 

A1 was e s p e c i a l l y  easy t o  vapor ize .and  had good e l e c t r i c a l  

p r o p e r t i e s .  However, i n  t h e  second of t h e  above mentioned configura-  

t i o n s  , it proved e s p e c i a l l y  hard t o  con tac t  e l e c t r i c a l l y  , r e s i s t i n g  

even Ga-In as a contac t  we t t ing  agent .  Future  experiments are 

planned wi th  s i l v e r  e l ec t rodes .  
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4. Polymer I n s u l a t o r  
2 

The metal e l e c t r o d e s  w e r e  s e p a r t e d  by a t h i n  i n s u l a t i n g  

14,15,16 f i l m  of polymerized hydrocarbon as descr ibed  by Ennos13 and Chr i s ty  

This f i l m  w a s  composed of  interwoven s t r a n d s  of  polymerized te t ramethyle-  

t raphenyls i loxane ,  found i n  t h e  vacuum system as D C 

pump o i l  (Dow Corning Cehmical Co. , Midland, Michigan).  

p re sen t  i n  t h e  system as a r e s u l t  o f  back-streaming from the  d i f f u s i o n  

704 d i f f u s i o n  

This  o i l  w a s  

pump and from an e x t r a  hea ted  source l o c a t e d  n e a r  t h e  s u b s t r a t e .  The 

pol imer iza t ion  a c t i v a t i o n  energy was provided by a 350v e l e c t r o n  beam, 

however the  ra te  of  f i l m  formation should not  depend on e l e c t r o n  energy 

s i n c e  it has been observed’’ t h a t  only a few ev are necessary  t o  

cause one c r o s s  l i n k  t o  form. The number of c ros s  l i n k s  formed 

may be dependent on t h e  e l e c t r o n  energy only  i f  t h e  i n c i d e n t  e l e c t r o n s  

are s u f f i c i e n t l y  e n e r g e t i c  t o  p e n e t r a t e  a p o r t i o n  of t h e  a l r eady  

formed film. 

The ra te  of f i l m  formation i s  s t r o n g l y  dependent on t h e  

o i l  molecule a r r i v a l  rate and t h e  temperature  o f  t h e  s u b s t r a t e  

which governs how long an o i l  molecule w i l l  remain on t h e  su r face .  

If t h e  e l e c t r o n / o i l  a r r i v a l  ra te  r a t i o  i s  h igh ,  every o i l  molecule 

h i t t i n g  the  su r face  w i l l  be polymerized, and t h e  growth rate i s  

sha rp ly  dependent on t h e  condi t ions  of  t h e  o i l  i n  t h e  system. If 

t h e  r a t i o  i s  l o w ,  every i n c i d e n t  e l e c t r o n  w i l l  f i n d  one or more 

molecules and t h e  growth rate w i l l  depend on t h e  e l e c t r o n  a r r i v a l  

rate. 

were used. Provis ions  f o r  h e a t i n g  or cool ing  t h e  s u b s t r a t e  were 

2 Electron cu r ren t  d e n s i t i e s  of 8uamps/cm2 , 12pA/cm2 and 14pA/cm 

not  provided but  it i s  f e l t  t h a t  it remained q u i t e  c lose  t o  room 

temperature throughout t h e  polymerizat ion process .  
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The polymer f i l m  was chosen as t h e  i n s u l a t i n g  l a y e r  s i n c e  

it has s e v e r a l  a t t r a c t i v e  p rope r t i e s .  

The polymer film could be grown wi th  reproducib le  char- 

a c t e r i s t i c s  and employed independent of t h e  s u b s t r a t e  

material o r  t h e  e l ec t rode  meta l .  This i s  q u i t e  an i m -  

po r t an t  concept i n  t h a t  it makes a v a i l a b l e  f o r  s tudy and 

comparison Junct ions of s e v e r a l  d i f f e r e n t  e l ec t rode  ma- 

t e r i a l s .  

It has been shown 15'16y17'18 t h a t  t h e  f i l m  can be grown 
7 

a t  a p r e d i c t a b l e ,  l i n e a r  r a t e .  

Because of t h e  interwoven na tu re  of the  polymer it can 

be made q u i t e  uniformly t h i c k  and r e l a t i v e l y  f r e e  of pin- 

ho le s .  The immensity of the  polymer molecules causes 

them t o  form i n  a p r e f e r r e d  d i r e c t i o n ,  presumably para l -  

l e l  t o  t h e  surface of t h e  s u b s t r a t e .  For t h i s  reason 

t h e  o r i e n t a t i o n  of t h e  tunnel ing  cu r ren t  with r e spec t  

t o  the polymer "quasi" l a t t i c e  i s  always known. 

The f i l m  i s  very durable  as w i l l  be seen i n  Chapter 111. 

C. M I M  Construct ion 

1. B e l l  Jar System 

The f a b r i c a t i o n  of t h e  tunnel ing  junc t ions  w a s  done i n  

a g l a s s  b e l l  jar pumped by a t h r e e  s t age  NRC d i f f u s i o n  pump using 

D C 704 o i l .  The e n t i r e  system was capable of vacua i n  t h e  low 10  

o f  H g  range w i t h  overnight  pumping, however, 3 x l o m 5  mm w a s  e a s i l y  

reached i n  an hour and the  vapor depos i t ion  and polymer growing were 

-6 mm. 

done i n  t h i s  reg ion .  

The b e l l  Jar w a s  equipped w i t h  a t h r e e - s t a t i o n  metal-polymer 



depos i t ion  se t -up ,  as descr ibed  by Wilmsen18, so t h a t  t h e  e n t i r e  pro- 

cess  could be c a r r i e d  out  without  exposure t o  t h e  atmosphere. 

set-up cons is ted  of  two meta l  vapor depos i t i on  s t a t i o n s  and a se t  of 

gimbaled r ings  t o  hold  t h e  e l e c t r o n  beam source  ( s e e  F ig .  5a).  Each 

vapor depos i t ion  s t a t i o n  was a g l a s s  cy l inde r  25 em. high and 10 em. 

i n  diameter w i th  t h e  tungs ten  f i lament  at t h e  bottom and t h e  e l e c t r o d e  

mask a t  the  top .  With t h e  sample i n  p o s i t i o n  over  t h e  mask, t h e  f i l a -  

ment was e n t i r e l y  enclosed,  prevent ing  any meta l  vapor from contam- 

i n a t i n g  t h e  rest  of  t h e  system. The gimbaled r i n g s  h e l d  t h e  e l e c t r o n  

gun i n  alignment wi th  t h e  t a r g e t  and were s u f f i c i e n t l y  s t u r d y  t o  pre-  

vent misalignment dur ing  r e load ing  procedures .  

This 

A pair of hand-operated c o n t r o l s ,  working through vacuwn 

feed- throughs i ro ta ted  t h e  sample holder  from s t a t i o n  t o  s t a t i o n  and, 

i n  each p o s i t i o n ,  lowered it onto a p a i r  o f  alignment p i n s  t o  assure 

accura t e  pos i t i on ing .  

f i g u r e  5b. 

The procedure i s  descr ibed  by a t o p  view i n  

The sample holder  could be moved from one p o s i t i o n  t o  t h e  

next  r a t h e r  qu ick ly  so t h a t  l i t t l e  contamination could qdhere t o  t h e  

exposed metal-polymer i n t e r f a c e  between s t e p s .  The vacuum deposi-cion 

s h i e l d s  were s u f f i c i e n t l y  long t o  keep t h e  s u b s t r a t e ,  or t h e  al ready-  

depos i ted  polymer, away from t h e  tungs t en  f i l amen t .  This w a s  thought 

t o  be e s p e c i a l l y  important i n  t h e  l a t te r  case  t o  prevent  asymmetries 

21 

/ 

A small e x t r a  o i l  source was incorpora ted  i n  t h e  b e l l  jar' 

\ 
1 

from occuring i n  t h e  tunnel ing  junc t ion .  

t o  inc rease  t h e  supply of  o i l  molecules on t h e  s u b s t r a t e  a v a i l a b l e  

f o r  polymerizat ion.  A s m a l l  c r u c i b l e  of D C 704 ( s u r f a c e  diameter-- 

4 cm ) was suspended i n  a tungs t en  f i lament  about 40 em. from t h e  2 
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Fig. 5a 
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polymerizat ion s i t e .  The o i l  could be hea ted  by means of t h e  f i l a -  

ment and t h e  temperature  monitored with a copper-constantan thermo- 

couple .  It  was customary t o  a l low t h e  e x t r a  source t o  remain hot  i n  

t h e  vacuum f o r  a t  least  an hour before  each sample w a s  made i n  an 

e f f o r t  t o  reach equi l ibr ium.  

An at tempt  was made t o  keep t h e  vacuum system f r e e  from con- 

13 t aminants ,  e s p e c i a l l y  t h o s e  of an organic  na tu re  as descr ibed  by Ennos , 

however, it w a s  impossible t o  assess t o  what e x t e n t  t h e  system was 

a c t u a l l y  contaminated o r  what e f f e c t  t h i s  contamination may have had 

on t h e  experimental  r e s u l t s .  The e n t i r e  system was cleaned pe r iod i -  

c a l l y  with t r i c h l o r o e t h y l e n e  t o  remove accumulated o i l ,  e t c .  The 

metal p a r t s  (almost e n t i r e l y  A l )  i n  proximity t o  t h e  s u b s t r a t e  were 

s t r i p p e d  of s u r f a c e  contamination i n  a weak s o l u t i o n  of N a O H .  

cep t  f o r  loading and r e load ing ,  t h e  system w a s  kept  s ea l ed  and eva- 

cua ted  a t  a l l  t i m e s .  

Ex- 

2.  E lec t ron  Beam 

The polymerizat ion e l e c t r o n s  are suppl ied  by t h e  e lec-  

t r o n  gun from a 3BPI cathode r ay  t u b e .  The f a c e  and t h e  upper p o r t i o n  

of  t h e  neck of t h e  tube  were removed and it w a s  immediately t r a n s -  

f e r r e d  t o  t h e  gimbal mount i n  t h e  vacuum system. An e x t e r n a l  c o n t r o l  

c i r c u i t  was used t o  provide f o r  t h e  aiming of t h e  beam on t h e  s u b s t r a t e ,  

a c c e l e r a t i n g  p o t e n t i a l  adjustment ,  beam c u r r e n t  monitor ing and ad jus t -  

ment and a focus c o n t r o l  t o  tary t h e  diameter  of t h e  polymer i n s u l a t o r .  

The con t ro l  c i r c u i t  i s  o u t l i n e d  i n  f i g u r e  6 .  

b i a s e d  above t h e  f i n a l  anode t o  c o l l e c t  secondary e l e c t r o n s  s i n c e  

C h r i s t y l 5  found t h a t  t h i s  increased  t h e  growth ra te  no more than  10%.  

The s u b s t r a t e  w a s  not  
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Exposure t o  t h e  atmosphere would, at t imes,  f o u l  t h e  sur- 

f a c e  of  the  cathode i n  t h e  CRT. Since t h i s  would cause t h e  e l e c t r o n  

beam t o  have some nonuniformit ies  i n  i t s  c r o s s  s e c t i o n ,  t h e  cathode 

was cured by opera t ing  t h e  filaments at 9 v o l t s  for about 10  minutes 

be fo re  each run .  

D. T e s t i n g  t h e  Sample 

1. Determination of Thickness 

The primary th i ckness  measurements of  t h e  polymer f i l m  

were obtained by capac i tance  measurements. 

approximation and assuming a uniform t h i c k n e s s ,  t h e  th i ckness  of  t h e  

junc t ion  may be w r i t t e n  as 

Using a p a r a l l e l  p l a t e  

KE,A 
C 

s =  

where K = r e l a t i v e  d i e l e c t r i c  cons tan t  

A = t h e  area of t h e  junc t ion  

C = t h e  capac i tance  of t h e  j u n c t i o n  

The capac i tance  measurements w e r e  made on a General Radio 

With t h e  d i s s i p a t i o n  f a c t o r  t ype  1615A capac i tance  b r idge  a t  1 kc .  

c o r r e c t e d  f o r ,  a very sha rp  n u l l  could  be had--sharp enough t o  r e s o l v e  

less  t h a n  10 p f .  out  of  6000 p f .  

no t  more than 0.5%. 

l e a d s  was always sub t r ac t ed  from t h e  b r idge  reading .  This  e x t r a  ca- 

pac i t ance  w a s  u s u a l l y  on t h e  o rde r  o f  3 p f .  

The b r idge  had an o v e r a l l  e r r o r  of 

Capacitance derived from t h e  sample ho lde r  and 

The o s c i l l a t o r  and d e t e c t o r  i n  t h e  b r idge  were tunab le  be- 

tween 200 cps and 30 kc, a l lowing capac i tance  vs. frequency measure- 

ments t o  be made. 

A second series of  measurements made wi th  a Gaertner  S c i e n t i f i c  
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El l ipsometer  provided not only an e x c e l l e n t  independent check on t h e  

th i ckness  measurements bu t  provided information on t h e  index of r e -  

f r a c t i o n ,  o p t i c a l  d i e l e c t r i c  constant  and f i l m  th i ckness  uni formi ty .  

A computer program w r i t t e n .  by Yeargan19 , c o r r e l a t e s  e l l i p somete r  an- 

g u l a r  readings  wi th  th i ckness  fo r  every 50 A. The program w a s  w r i t -  
0 

t e n  f o r  an Al-on-glass s u b s t r a t e  and a l l  of t h e  c a l c u l a t i o n s  were 

made f o r  i n d i c e s  of  r e f r a c t i o n  of 1 . 0 ,  1.1, 1 . 2  . . . 2.0.  By i n t e r -  

p o l a t i o n  of  t h e  program;thicknesses could be judged t o  be wi th in  
0 0 

20 A or less.  Accuracy on t h e  th icknesses  of samples below 100 A 

i s  somewhat ques t ionable .  

2.  V- I  Cha rac t e r i s t i c s  Bridge 

The cu r ren t  through t h e  junc t ion  f o r  a given app l i ed  

vo l t age  was measured wi th  a bridgg t h a t  became unbalanced i n  propor- 

t i o n  t o  t h e  sample c u r r e n t .  The advantage of  t h e  b r idge  i s  t h a t  cur-  

r e n t s  of  amps may be measured without  having t o  cons ider  t h e  in-  

pu t  impedance of a s e r i e s  ammeter. F igure  7 shows t h e  schematic of  

t h e  b r idge .  The inpu t  impedance of t h e  meters used,  a p a i r  o f  Hewlett- 

Packard H.P. 425 ’s ,  i s  included i n  t h e  a n a l y s i s  of t h e  br idge  and, when 

t h e  sample i s  not  i n  t h e  c i r c u i t ,  t h e  b r idge  i s  balanced wi th  Vm2 

s e rv ing  as one l e g .  When t h e  sample i s  then  r ep laced ,  t h e  unbalanced 

vo l t age  as read  by Vml i s  p ropor t iona l  t o  t h e  sample c u r r e n t  by t h e  

r e l a t i o n  

= 1.13 x lo-’ V4 amps 
IS 

The performance of t h e  b r idge  w a s  t e s t e d  f r equen t ly  wi th  

The b r idge  w a s  always p r e c i s i o n  1% r e s i s t o r s  from 1 0  meg. t o  10k. 

w i t h i n  t h e  1% t o l e r a n c e .  

components and us ing  a p a i r  o f  coax cab le s  from t h e  b r idge  t o  t h e  sample. 

Noise w a s  kept  a t - a  minimum by s h i e l d i n g  a l l  
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Qcge + %'a 

'a v4 I = (  
S 

where 
ge= ga+ &b' 
g - i npu t  impedance of V 1- m l  

Figure 7 
V-I C h a r a c t e r i s t i c s  Bridge 



CHAPTER I T 1  

EXPERIMENTAL RESULTS 

A. In t roduc t ion  

Over a per iod  of t h ree  months, f i f t y  M I M  tunnel ing  junc t ions  

were cons t ruc ted  and t e s t e d  i n  var ious ways. The cons t ruc t ion  tech-  

n ique ,  descr ibed  above, w a s  kept as uniform as p o s s i b l e  over t h e  en- 

t i r e  group of devices .  Data was analyzed a f t e r  each group of two o r  

t h r e e  samples w a s  b u i l t  and t e s t e d  i n  order  t o  make f u t u r e  experiments 

more f r u i t f u l .  A s e r i o u s  problem wi th  device y i e l d  w a s  encountered 

and several s u b t l e  s t e p s  had t o  be adop&ed i n  t h e  cons t ruc t ion  pro- 

cedures .  I n  a c t u a l i t y ,  roughly two f i f t h s  of  t h e  devices  f a b r i c a t e d  

y i e l d e d  good da ta .  The o the r  por t ion  su f fe red  from o u t r i g h t  s h o r t  

c i r c u i t s  through t h e  polymer, t h i n  spo t s  i n  t h e  i n s u l a t o r  which broke 

down under t h e  mi ldes t  s t r e s s , o r  c h a r a c t e r i s t i c s  t h a t  were t o o  e r a t i c  

t o  y i e l d  meaningful d a t a  whatever t h e  cause.  

The d a t a  obtained may be broken i n t o  two c a t e g o r i e s :  t h e  

e l e c t r i c a l  c h a r a c t e r i s t i c s  of  the  sample operated as a non l i n e a r  

device  and information about t he  na tu re  of t h e  d i e l e c t r i c  i t s e l f  or 

t h e  o the r  m a t e r i a l s  or  processes involved i n  t h e  cu r ren t  t r a n s p o r t .  

B. Voltage-Current C h a r a c t e r i s t i c s  

1. V-I Curves f o r  Varying Thicknesses 

Figure 8 shows the  c h a r a c t e r i s t i c  curves f o r  sixNrep- 

r e s e n t a t i v e  th i cknesses .  V - I  c h a r a c t e r i s t i c s  were taken  f o r  a l l  of 

t h e  samples t h a t  were not ou t r igh t  s h o r t s  and, i n  gene ra l ,  a l l  f e l l  

i n  t h e  family of curves i n  f igu re  8. Almost every sample t h a t  devia ted  

28 
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Figure 8 

V-I  C h a r a c t e r i s t i c s  as a Function of Thickness 
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s e r i o u s l y  from t h i s  p a t t e r n  could be  found t o  have a de fec t  t h a t  ac- 

counted f o r  t h e  l a c k  of  conformity wi th  t h e  o t h e r s .  The curves shown 

were a l l  made wi th  t h e  bottom e l e c t r o d e ,  i . e .  t h e  e l e c t r o d e  contiguous 

t o  t h e  g l a s s ,  at nega t ive  p o l a r i t y .  The tes ts  were made i n  t h e  open 

a i r  immediately a f t e r  t h e  sample w a s  removed from t h e  vacuum and us- 

u a l l y  r equ i r ed  no more than  1 0  t o  1 5  minutes t o  complete. Before t h e  

devices  were removed from t h e  vacuum they  were allowed t o  remain f o r  

10 minutes i n  o rde r  t o  allow the  A1 e lec t rodes  and t h e  polymer t o  

order itself and t o  reach a s t a b l e  conf igu ra t ion .  

18 The c h a r a c t e r i s t i c s  are q u i t e  similar t o  those  of Wilmsen . 
They d i f f e r  i n  t h a t  t h e s e  are t r a n s l a t e d  s l i g h t l y  t o  t h e  r i g h t  o f  h i s ,  

i . e .  f o r  a given th i ckness  about 15% more vol tage  w a s  r equ i r ed  t o  reach 

t h e  same cur ren t  dens i ty .  Also,  t h e  s lopes  of h i s  curves  are s l i g h t l y  

g r e a t e r  t han  t h e  ones i n  f i g u r e  8. 
l. The c h a r a c t e r i s t i c s  i n  f i g u r e  8 are p l o t t e d  RnI vs V t o  

f a c i l i t a t e  comparison wi th  S t r a t t o n ' s  equat ion.  The d a t a  p o i n t s  d i d  

not  form a s t r a i g h t  l i n e  when graphed RnI vs V1/2, nor w a s  a s t r a i g h t  

l i n e  observed on log-log paper .  This  l a s t  p l o t  w a s  important  s i n c e  

Rose2' p r e d i c t s  t h a t ,  i f  t h e  cur ren t  i s  space charge l i m i t e d  it w i l l  
n 

be  p ropor t iona l  t o  V". 

The h ighes t  cu r ren t  d e n s i t i e s  recorded were g e n e r a l l y  on t h e  

o r d e r  o f  amp/cm*. Although most of  t h e  samples d i d  not break  

down a t  t h i s  p o i n t ,  t hey  were s t r e s s e d  t o  t h e  po in t  where c u r r e n t  read- 

ings  became q u i t e  uns t ab le .  The breakdown f i e l d  f o r  s e v e r a l  samples 

6 
b iased  u n t i l  s h o r t i n g  occured was found t o  be  about 5 x 10 v/cm. 

Chris ty15 and Mannl' r e p o r t  t h e  breakdown of similar films a t  lo7 v/cm. 

-. 
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2. Hys te re s i s  

The V-I  c h a r a c t e r i s t i c s  o f  t h e  M I M  j u n c t i o n  are r a t h e r  

dependent on t h e  immediate p a s t  h i s t o r y  of  t h e  e l e c t r i c  f i e l d  i n  t h e  

i n s u a l t o r .  If t h e  cu r ren t  a t  a given vo l t age  i s  measured, t h e  b i a s  

i nc reased  and t h e n  r e tu rned  t o  t h e  o r i g i n a l  va lue ,  t h e  cu r ren t  i n c r e a s e  

i s  as much as 100%. This e f f e c t  can be seen  i n  f i g u r e  9. The c u r r e n t  

r e t u r n s  t o  i t s  o r i g i n a l  va lue  i n  t i m e ,  hence t h e  d a t a  i n  f i g u r e  9 i s  

only q u a l i t a t i v e  s i n c e  no t i m e  r a t e  of change o f  vo l t age  o r  c u r r e n t  

i s  def ined.  

A forming o r ' p o l a r i z a t i o n  e f f e c t  w a s  a l s o  observed. If t h e  

f i e l d  was h e l d  cons tan t  a t  some moderate l e v e l ,  t h e  cu r ren t  slowly de- 

c reased  t o  some in te rmedia te  value o v e r ' t h e  pe r iod  of s e v e r a l  minutes .  

However, i f  t h e  f i e l d  w a s  completely removed, r e l a x a t i o n  t o  zero b i a s  

s t a t e  w a s  q u i t e  r ap id .  These .observa t ions  correspond q u i t e  c l o s e l y  

t o  those  made by Mann' on polymer f i l m s  between 500 and 2500 i. 
Penley'l, working wi th  A1-Al2O3-81 j unc t ions  f i n d s  similar evidence 

f o r  p o l a r i z a t i o n  charge formation.  H e  no te s  t h a t  when a cons tan t  f i e l d  

w a s  h e l d  across  t h e  device t h e  cu r ren t  s lowly decreased;  upon revers -  

i n g t h e  p o l a r i t y  f o r  a few minutes and then  going back t o  t h e  o r i g i a n l  

d i r e c t i o n ,  t h e  cu r ren t  qu ick ly  rose  t o  i t s  i n i t i a l  va lue  and then  be- 

t e s t e d  i f  t h e  sample w a s  allowed t o  r e l a x  f o r  s e v e r a l  minutes between 

s t r e s s i n g s  a t  oppos i te  p o l a r i t i e s .  This  seems t o  i n d i c a t e  t h a t  t h e  

i n s u l a t i n g  b a r r i e r  i s  q u i t e  symmetrical  and t h a t  both of  the  i n t e r f a c e s  

between t h e  e l ec t rodes  and t h e  i n s u l a t o r  are r e l a t i v e l y  uniform. If 
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I 1 I I I 

0 

Sample #6 105A 

D Voltage inc reas ing  

O Voltage decreasing 

T o t a l  t e s t i n g  t i m e :  15 min. 

0 .5  1.0 1 . 5  

Figure 9 

Hysteresis  a t  Low F i e l d s  

2.0 Volts  
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t h e  sample was not  given t ime i n  t h e  uns t r e s sed  s ta te  bu t  w a s  t e s t e d  

at t h e  opposi te  p o l a r i t y  immediately,  t h e  c u r r e n t  a t  a given vo l t age  

w a s  always h igher  t han  a t  t h e  same vo l t age  o f  oppos i t e  p o l a r i t y .  

This  seems t o  i n d i c a t e  t h a t  t h e  p o l a r i z a t i o n  f i e l d  se t  up t o  oppose t h e  

i n i t i a l  f i e ld  inc reases  t h e  e f f e c t i v e  f i e l d  i n  t h e  i n s u l a t o r  when t h e  

oppos i t e  b i a s  i s  app l i ed .  

4 .  S t r a t t o n ' s  Equation 

S t r a t t o n ' s  equat ion ( 2 5 )  may be w r i t t e n  i n  t h e  form 

for moderate vo l t ages .  The equat ion i s  not  v a l i d  as V approaches 

zero  nor  is  i t  accura t e  f o r  vo l tage  much l a r g e r  t han  @ t h e  bar-  

r i e r  he ight .  This l a t te r  r e s t r i c t i o n  i s  due t o  t h e  na tu re  of t h e  coef- 

0 '  

f i c i e n t s  b 

t h e  vol tage  becomes h ighe r ,  more t e r m s  i n  t h e  expansion must be r e t a i n -  

and Cl0 as t e r m s  i n  an i n f i n i t e  s e r i e s  expansion. As 11 

ed t o  extend the  v a l i d i t y  of  equat ion  ( 3 0 )  i n t o  t h a t  reg ion .  

Due t o  t h e  approximate na tu re  of t h e s e  c o e f f i c i e n t s ,  equa- 

t i o n  ( 3 0 )  reaches a maximum cur ren t  a t  V = 

decrease .  Obviously, s i n c e  t h i s  has  no foundat ion i n  experimental  

r e a l i t y ,  V = %Q i s  a maximum upper bound of t h e  vo l t age  range f o r  

equat ion  ( 3 0 )  as it s t a n d s .  

and then  begins  t o  
11 

4 b l l  

Simmons' equa t ions  (16 ,  17  and 18) are v a l i d  over t h e  range 

of vol tages  from zero t o  much l a r g e r  t han  4 . However, t h e  equat ions  

are i n  such a form t o  make them u n t r a c t a b l e  f o r  comparison wi th  experi-  

mental  da ta .  Unterkofler22,  wi th  t h e  use  of a computer, de r ives  curves  

0 

from Simmons' equat ion f o r  var ious  t h i c k n e s s e s ,  b a r r i e r  he igh t s  and 
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Figure 10 

S t r a t t o n ' s  Equation F i t t e d  t o  Experimental Data 
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dielectric constants. Unfortunately, he limits his discussion to thick- 

nesses under 50 A and only trends for thicker devices could be seen. 
0 

Because of its relative simplicity, Stratton's equation was 

chosen for comparison with the experimental data. 

experimental data f o r  sample number 25 (95 A) and Stratton's equation(30) 

with the parameters Cl0 = 14.6, bll = 1.1 and 

The agreement is quite good up to 2 volts; after this point the theo- 

Figure 10 shows the 
0 

-10 = .83 x 10 amps. 

retical equation begins to loose validity. The parameters chosen are 

quite close to those used by Stratton'' and Wilmsen'' for slightly 

thinner films. 

5. V-I Characteristics of Thicker Samples 

Five samples were constructed with thicknesses ranging 
0 

from 400 to 800 A, thicknesses ususally thought of as the domain of 

thermal or Schottky emission. It was hoped that, since tunneling 

had been observed and identified in films over 100 A, samples could be 
0 

constructed at progressively greater thicknesses and the gentle transi- 

tion from one mechanism to another could be observed. 
0 0 

Figure 11 shows two of the curves for samples 540 A and 770 A 

Only two curves are shown, however similar characteristics were ob- 

tained for all five samples. A sharp change in slopes was observed 

112 in all cases. 

since Schottky emission in the form of equation (29)  was expected. 

The horizontal axis of figure 11 is in (volts) 

Equation (29)  predicts the slope,g,of a curve that is true thermal 

emission, when plotted RnI vs V1I2, should be given by 
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Figure 11 

V-I  Characteristics of Thick Junct ions  
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where K = re la t ive  d i e l e c t r i c  cons tan t  

s = i n s u l a t o r  t h i ckness  

If we assume K = 2.8 ( s e e  Ch. 111, D 2) and t h a t  T = 297OK, t h e  theo- 

r e t i c a l  slopes f o r  a thermal  emission mechanism f o r  s = 540 A and 770 A 

are 

0 0 

-1 /2 
g540 A 3.8 ( v o l t )  

-112 = 3.15 ( v o l t )  
g770 A 

c a l c u l a t e d  

The measurements of  t h e  s lopes  of t h e  lower po r t ions  of both curves 

i n  f i g u r e  11 y i e l d  

-1/2 
g540 A = 3.85 ( v o l t )  

-1/2 = 3.09 ( v o l t )  g770 

s lope  measured 
below break 

It appears,  t hen ,  t h a t  t h e  d a t a  below t h e  break i s  p r i m a r i l y  due t o  

thermal  emission. 

If t h e  data i s  then  p l o t t e d  on a Fowler-Nordheim s c a l e  

I 1 
V V (an  7 vs -) as i n  f i g u r e s  12 and 13, it is  seen t h a t  t h e  p o r t i o n  of 

t h e  curve above t h e  break i s  asymptotic t o  a s t r a i g h t  l i n e .  However, 

i f  t h e  thermal con t r ibu t ion  of t h e  cu r ren t  i s  sub t r ac t ed  (by ex t r a -  

p o l a t i n g  t h e  lower po r t ion  of t h e  curve i n  f i g u r e  11) from t h e  t o t a l ,  

t h e  remainder f a l l s  on a s t r a i g h t  l i n e .  Because of  t h i s  and o t h e r  

arguments presented  i n  t h e  fol lowing s e c t i o n  ( e f f e c t i v e  mass e t c . )  

it i s  thought t h a t  t h e  upper po r t ion  of t h e  curves r e p r e s e n t s  t h e  on- 

set  of  f i e l d  emission as t h e  predominant mechanism. 

Most s t u d i e s  on tunnel ing  quoted above, both t h e o r e t i c a l  and 

experimental  , have concent ra ted  on tunne l ing  through i n s u l a t o r s  wi th  
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Fowler-Nordheim P l o t ,  Sample # 31 
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t h e  measuring equipment. 

1 .2  m 2  

0 

0 

0 
0 

0 
0 

I I I I I I i i i i 

.06 .08 .10 .12 .14 
(Vol t s  ) -1 

Figure 13 
Fowler-Nordheim P l o t ,  Sample #32 
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0 

t h i cknesses  of 50A or  less. This ,  however, does not  i n d i c a t e  t h a t  t h e  

phenomina does not  occur i n  t h i c k e r  f i l m s .  Simmons5 hasfound t h a t  t h e  

b a r r i e r  he ight  and e f f e c t i v e  tunnel ing  th i ckness  a r e  both func t ions  of 

app l i ed  vo l t age  (equat ions  12 ,  13 Chapt. I ) .  Using t h e s e  r e l a t i o n s h i p s ,  

t h e  e f f e c t i v e  th i ckness  o f  a 540A i n s u l a t o r  wi th  an unbiased b a r r i e r  

he igh t  of  l.OgeV and wi th  11 v o l t s  b i a s  app l i ed  i s  50.6A. The e f f e c t i v e  

0 

0 

he igh t  of t h e  b a r r i e r  under t h e  same condi t ions  i s  .397eV. Using t h e  

above va lues  and equa t ion ( l8b )  , t h e  c u r r e n t  d e n s i t y  i s  c a l c u l a t e d  t o  

-0 2 be 9 . 5 ~  10  amps/cm . Consulting f i g u r e  11, it i s  seen t h a t  t h e  tun- 

n e l i n g  cu r ren t  a t  t h i s  po in t  i s  l . l x  10  ' amps/cm-. The discrepancy i n  
-7 3 

t h e  cu r ren t  va lues  i s  s m a l l  and e a s i l y  overcome by changing t h e  b a r r i e r  

he igh t  on ly  s l i g h t l y ,  Hence, it seems q u i t e  probable  t h a t  both mechanisms 

have been observed i n  opera t ion  s imultaneously and c o r r e c t l y  i d e n t i f i e d .  

C .  Barrier Parameters 

1. B a r r i e r  Height 

The Schot tky thermal emission equat ion  i s  e x p l i c i t  i n  

t h e  b a r r i e r  he ight  I $ o  where $o is  measured from t h e  Fermi l e v e l  of t h e  

ad jacen t  e l e c t r o d e  a t  zero  b i a s .  When V= 0 ,  t h e  thermal  cu r ren t  from 

equat ion  (29) i s  

2 m* 

e 
J(V=O) = 120T ;;;- exp(-I$,/kT) 

where T = temperature  i n  OK. 

my = t h e  e f f e c t i v e  mass of t h e  e l e c t r o n  i n  t h e  conduction band 

of t h e  i n s u l a t o r .  

2 J = thermal  cu r ren t  i n  amps/cm . 
From f i g u r e  11, t h e  zero bias i n t e r c e p t  f o r  sample 31 i s  
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2 0 2.5 x amps/cm . Therefore, for T = 297 K 

If we assume that m*/m = 1 then $o = 1.08ev 

For m*/m = 0.1then 0, = 1.02ev 

Similar calculations made with sample 32 result in 

= l.lev when m* = 1 
$0 

0, = 1.04ev when m*/m = 0.1 

Experience with carriers in the conduction band of semiconductors and 

semimetals makes it reasonable to assume that m*/m is less than 0.5. 

On this basis 0 = 1.05 ev. 
0 

2. Effective Mass 

In the preceeding section a guess was made about the 

effective mass of the electron in the conduction band of the polymer. 

The effective mass of the electron in the forbidden band of the insu- 

lator may be calculated from the tunneling data, however. 

the tunneling current given by the equations of Simmons o r  Stratton 

reduces to an expression quite similar to the Sommerfield-Bethe equa- 

When V>>bO/e, 

tion. This expression is 

3 2  
J =  87rh41~s~ 

2.2e V 

The factors 2.2 and 2.96 arise due to the depression of the barrier by 

the external bias. The argument of this tunneling equation is expli- 

2 cit in 0 . The slope, b, of a J/V vs. 1/V plot may be written 
0 
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The s lope  b y  f o r  sample 3 1  from f i g u r e  12 ,  i s  1.37 x 10 2 

v o l t s .  

c a l c u l a t e d  from theory  

I n  o rde r  t h a t  t h e  experimental  s lope  be i d e n t i c a l  wi th  t h a t  

m* 
m e 
- -  - 0.114 

For sample 32, f i g u r e  13, t h e  s lope  i s  1 .82  x 10 2 v o l t s .  

m* 

e 
I n  t h i s  case  - ,nc; 

IU - ".A",. 

Stratton'' c a l c u l a t e s  t h e  c o e f f i c i e n t s  of h i s  series expan- 

s i o n s  i n  terms of  t h e  parameters o f  t h e  system [equat ion  (2411. I n  

t h i s  way, he wri tes  

For sample 24 

Cl0 = 14.6 
0 

s = 9 5 A  

m* 
m e 

I n  t h i s  case  - = 0.105 

These c a l c u l a t i o n s  seem t o  be i n  fa i r  agreement wi th  those  

16 made by o t h e r s .  

l a t o r s  f inds  - = 0.13. 

films o f  A 1  0 r e p o r t  e f f e c t i v e  masses o f  0.11, 

D. Other Experimental Resu l t s  

Chr i s ty  , working wi th  an i d e n t i c a l  polymer insu-  
m* 1 3  

Fisher  and Giaver, experimenting wi th  t h i n  m 

2 3  

1. Polymer Growth Rate 

Chris ty15 , Mannl' and Wilmsen18 r e p o r t  t h a t  t h e  th i ckness  

of t h e  polymer i n s u l a t o r  was a l i n e a r  func t ion  of  t i m e .  Figure 14  
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shows t h a t  t h i s  was  no t  t h e  case,  e s p e c i a l l y  f o r  t h e  samples wi th  t h e  

extra source and h igher  beam cur ren t .  During t h e  experiments,  it w a s  

noted t h a t ,  w i th  t h e  e x t r a  source,  t h e  growth rate was h igh ly  dependent 

on t h e  t i m e  t h e  extra source was g iven  t o  come i n t o  equi l ibr ium wi th  

t h e  b e l l  jar  atmosphere. Most t i m e s  t h e  e x t r a  source  w a s  hea ted  t o  

and kept  a t  6ooc. f o r  one hour before  t h e  polymer w a s  formed. It 

seems q u i t e  p o s s i b l e  t h a t  t h e  system had not  approached equi l ibr ium 

i n  t h i s  t i m e  bu t  t h a t  t h e  number o f  o i l  molecules i n  t h e  vacuum cont in-  

ued t o  inc rease  dur ing  t h e  growth pe r iod  r e s u l t i n g  i n  what appears  t o  

b e  an a c c e l e r a t i o n  i n  t h e  growth r a t e .  

It can be seen  from the  curve,  t h a t  t h e  D C 704 allowed t o  

e n t e r  t h e  system from t h e  d i f f u s i o n  pump played an important r o l e  i n  

t h e  growth rate. A t  one p o i n t ,  when t h e  o i l  charge i n  t h e  pump had 

been a l t e r e d  chemically by ox ida t ion ,  t h e  growth r a t e  became very s m a l l .  

2. D i e l e c t r i c  Constant 

Since capac i ty  measurements were used t o  determine t h e  

t h i c k n e s s  of t h e  f i l m s ,  it w a s  important  t h a t  t h e  d i e l e c t r i c  cons tan t  

be  known wi th  some degree of accuracy. Chr is ty15  and Ennos'' found 

t h e  r e l a t i v e  d i e l e c t r i c  constant  t o  be 2.8. Thicknesses c a l c u l a t e d  

from capac i ty  measurements using K = 2.8 are c o r r e l a t e d  wi th  t h o s e  taken  

by an in t e r f e romet r i c  technique us ing  an e l l i p somete r  i n  f i g u r e  15 .  

The agreement seems t o  be q u i t e  good. 

The d a t a  from t h e  e l l ipsometer  a l s o  i n d i c a t e d  t h a t  t h e  index 

of  r e f r a c t i o n  of t h e  polymer i s  1 . 5  and t h a t  t h e  o p t i c a l  d i e l e c t r i c  

cons t an t  i s  2.25. Chris ty15 s t a t e d  t h a t  , from pure ly  v i s u a l  methods , 

he judged t h e  index of  r e f r a c t i o n  t o  be between 1 . 6  and 1.8.  Because 

of  t h e  p r e c i s i o n  of t h e  e l l i p somete r  and t h e  ex tens ive  program used 
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t o  analyze t h e  d a t a ,  it seems q u i t e  probable t h a t  t h e  index of r e f r a c -  

t i o n  i s  c l o s e  t o  1 . 5 .  

Figure 16  shows t h e  frequency dependence of t h e  capac i tance  
0 

f o r  a 70 A sample. Such dependence at low f requencies  i s  completely 

33 unexpected i n  common d i e l e c t r i c s  and may i n d i c a t e  a Debye-Frohlich 

r e l a x a t i o n  mechanism with an a s soc ia t ed  a c t i v a t i o n  energy a t  work i n  

t h e  polymer. Because of t h e  complexity of t h e  molecules ,  numerous 

r e l a x a t i o n  processes  may be present .  The massiveness of t h e  molecules 

sugges ts  a low frequency a s soc ia t ed  with t h e  mechanism. Analysis of 

loss tangent  versus  frequency da ta  f o r  N a C l  and K C 1  by Grissom and 

H a r t ~ i g ~ ~  l eads  t o  s p e c i f i c  conclusions about t h e  na tu re  of t h e  r e -  

l a x a t i o n  mechanisms and t h e i r .  s p e c i f i c  causes i n  t h e s e  a l k a l i  h a l i d e s .  

Because of  t h e  amorphous na tu re  of t h e  polymer, similar conclusions 

may be more d i f f i c u l t  t o  reach .  

3. Temperature Dependence 

The temperature dependence of t h e  tunne l ing  phenomenon 

w a s  observed by t a k i n g  t h e  tunnel ing  junc t ion  from room temperature  t o  

t h a t  of l i q u i d  n i t rogen  and back t o  room temperature .  The sample w a s  

placed i n  a helium atmosphere i n  t h e  inne r  dewar of a double dewar 

system. The ou te r  dewar was f i l l e d  wi th  l i q u i d  n i t rogen  and t h e  temper- 

a t u r e  w a s  allowed t o  drop while t h e  cu r ren t  at a cons tan t  vo l tage  and t h e  

temperatures  were monitored continuously.  The e n t i r e  process  took 

almost s i x  hours t o  complete. To in su re  t h a t  any cu r ren t  change during 

t h i s  t ime w a s  n o t . d u e  t o  t h e  formation of  a p o l a r i z a t i o n  change, t h e  

sample w a s  allowed t o  "form" at  t h e  tes t  vol tage  f o r  over an hour be- 

f o r e  t h e  t e s t  and t h e  d a t a  w a s  t aken  from room temperature  t o  t h a t  

o f  LN2 and back t o  t h e  s t a r t i n g  p o i n t .  V e r y  l i t t l e  h y s t e r e s i s  w a s  
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. 7 -  - .  

observed. 

N o  d a t a  w a s  t aken  by hea t ing  t h e  sample s i n c e  t h e  onse t  of 

thermal  emission may have made t h e  d a t a  u s e l e s s .  

2 The d a t a  i s  p l o t t e d  i n  f i g u r e  17.  The T dependence i s  q u i t e  

good. 

T = 0 K on a l i n e a r  s c a l e .  

t o  T = 80°K w a s  roughly 20%. 

mental  r e s u l t s  achieved by Hartman and C h i ~ i a n ~ ~  and t h e  t h e o r e t i c a l  

c a l c u l a t i o n s  made by Simmons . 
4. Aging 

I ( 0 )  w a s  ob ta ined  by ex t r apo la t ing  t h e  experimental  p o i n t s  t o  

0 The t o t a l  change i n  cu r ren t  from T = 297OK 

This agrees  q u i t e  w e l l  wi th  t h e  experi-  

9 

The e l e c t r i c a l  p rope r t i e s  of t h e  junc t ions  were observed 

t o  vary r a t h e r  markedly wi th  t ime. Because of  t h i s  f a c t ,  a l a r g e  nun- 

ber of tes ts  could not  be made wi th  any one sample. Tests t h a t  were 

made, were completed as quickly as p o s s i b l e  so  as t o  approximate roughly 

uniform e l e c t r i c a l  p r o p e r t i e s  throughout t h e  experiment. I n  gene ra l ,  

a sample s t o r e d  i n  a i r  f o r  any l eng th  o f  t i m e  showed a t r a n s l a t i o n  t o  

t h e  r i g h t  (w i th  r e spec t  t o  t h e  previous V-I  c h a r a c t e r i s t i c s )  i . e .  more 

vo l t age  w a s  r equ i r ed  t o  maintain t h e  same c u r r e n t  through t h e  junc t ion .  

The s lope  of t h e  curves were a l s o  reduced somewhat, i . e .  t h e  cu r ren t  

w a s  slower t o  inc rease  wi th  vol tage .  The aging c h a r a c t e r i s t i c s  v a r i e d  

somewhat from sample t o  sample t e s t e d ,  however f i g u r e  18 a , b  shows 

results which are q u i t e  t y p i c a l .  

s i n c e  f a b r i c a t i o n .  The f irst  42 hours showed some t r a n s l a t i o n  of  t h e  

c h a r a c t e r i s t i c s  t o  t h e  r i g h t .  However, during t h i s  t i m e  an i n c r e a s e  

i n  t h e  capac i tance  was a l s o  not iced ,  i n d i c a t i n g  poss ib ly  t h a t  t h e  

polymer f i l m  w a s  i nc reas ing  i n  th i ckness .  Such an i n c r e a s e  would re- 

s u l t  i n  t h e  t r a n s l a t i o n  t o  t h e  r i g h t  ( s e e  f i g u r e  8 ) .  

0 

Sample 25 (70 A )  w a s  kept  i n  a vacuum 

A t  t = 49 hours ,  
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the sample had. been exposed to the atmosphere for 7 hours. Little 

change in capacity was noticed yet the V-I characteristics changed 

rather radically. 
0 

Sample 24 (92 A) showed the same behavior as 25 while in the 

vacuum but, once removed, the curvature changed somewhat drastically, 

It is interesting to compare this'curve after aging with that of sam- 

ple 14, made immediately after removal from the vacuum. 

in figure 19. 

tron-to-oil ratio than that in sample 24. 

argument that tunneling through a polymer film is a trap-aided process, 

i.e. electrons caught in traps located physically inside the insulator 

This is done 

The insulator in sample 14 was made with a lower elec- 
15 This gives support to Christy's 

need tunnel only a fraction of the thickness to reach the anode. 

These traps could be provided by free hydrogen radicals in the poly- 

mer. The higher the electron-to-oil ratio at the time of polymeriza- 

tion, the higher the number of free radicals. Hence, aging in a poly- 

mer may be the result of chemical recombination of free radicals re- 

sulting in fewer traps and more difficult tunneling. 

of contaminants from the atmosphere into the polymer would hasten the 

process greatly. 

current densities where the limited numbers of traps from which tunnel- 

ing could take place would have the effect of limiting the current. 

The diffusion 

This effect would be especially noticeable at high 

Mann'' views the polymer aging process in a different light. 

He reports no change in characteristics for samples kept under vacuum 

conditions nor for samples kept in a dry atmosphere. 

that aging is due to the absorption of H 0 vapor by the junction which 

changes the dielectric constant. Hardy25, working with A1203  insula- 

tors believes the aging process to be the diffusion of electrode ions 

He concludes 

2 
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i n t o  t h e  f i lm.  The s i z e  of t h e  e l e c t r o d e  atoms appears  t o  be t h e  fac-  

t o r  c o n t r o l l i n g  t h e  pene t r a t ion  of t h e  metal ions  i n t o  t h e  oxide and 

hence t h e  junc t ion  r e s i s t i v i t y .  Theore t i ca l  equat ions  f o r  t h e  a l t e r e d  

b a r r i e r  height  and shape due t o  t h e  d i f f u s i o n  of e l e c t r o d e  ions  i n t o  

t h e  metal are der ived  by Geppert 26 y27 .  Penley2l  observed a j u n c t i o n  

r e s i s t i v i t y  inc rease  i n  propor t ion  t o  t h e  Rn of  t i m e .  

t h a t  t h i s  change i s  due t o  t h e  d i f f u s i o n  of  A1203 i n t o  t h e  metal e l ec -  

He t h e o r i z e s  

t r o d e s  making t h e  d i e l e c t r i c  appear wider and 

junc t ion  h igher .  

24 Hartman and Chivian overcoated an 

wi th  a t h i c k  l a y e r  of S i 0  s e a l i n g  it o f f  from 

t h e  r e s i s t a n c e  of t h e  

A1-A1203-A1 j unc t ion  

t h e  atmosphere. A s m a l l  

amount of aging d i d  occur t h e r e a f t e r ,  bu t  i s  w a s  s l i g h t  i n  comparison 

wi th  junc t ions  l e f t  open t o  t h e  atmosphere. 

t h e  r e s i s t a n c e  change was about .1% i n  3000 min. 

t hen  t e s t e d  "no s h o r t i n g ,  h y s t e r e s i s ,  long t i m e  c o n s t a n t ,  forming, 

nega t ive  dynamic r e s i s t a n c e  or change i n  t h e  d i r e c t i o n  of r e c t i f i c a t i o n  

was observed. 'I 

A f t e r  aging f o r  4 months, 

When t h e  device  w a s  

5 .  F a i l u r e  Mechanisms 

Because o f  t h e  r a t h e r  low device  y i e l d ,  t h e  mechanisms 

caus ing  t h e  failures 'were s t u d i e d  and s t e p s  were taken  t o  avoid them 

i n  t h e  f u t u r e .  

or became ohmic as soon as vol tage  w a s  app l i ed .  These samples were 

sys t ema t i ca l ly  destroyed i n  o rde r  t o  d iscover  t h e  na tu re  of  t h e  fa i l -  

ures. 

chemicals t r i e d  (H2S04 , H C 1  , HN04, NaOH , NH40H , acetone , benzene , 

xylene,  pentane,  b o i l i n g  t r i c h l o r e t h y l e n e ,  e t c ) .  

t i v e  etching w a s  used. 

The ma jo r i ty  of f a i l u r e s  were o u t r i g h t  s h o r t  c i r c u i t s  

Because t h e  polymer w a s  chemical ly  i n e r t  i n  t h e  presence of  a l l  

a method of se l ec -  

A drop of moderately s t r o n g  N a O H  w a s  p l acea  
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on t h e  junc t ion .  

However t h e  bottom e l ec t rode  was touched only where t h e  polymer w a s  

miss ing  i . e .  had an extremely t h i n  spot  or p i n  ho le .  The bottom e lec-  

t r o d e  w a s  then  i l l umina ted  from t h e  back and viewed under a 5 0 K  micro- 

scope. The holes  l e t  t h e  l i g h t  through and t h e  t r o u b l e  spot  was us- 

u a l l y  r e a d i l y  obvious. The overwhelming ma jo r i ty  o f  p i n  holes  were 

caused by peaks or pock marks on t h e  g l a s s  s u b s t r a t e .  These peaks 

were u s u a l l y  s m a l l  enough t o  go undetected i n  t h e  pre l iminary  exami- 

na t ion .  No real estimate could be made as t o  t h e  he igh t  of t h e  peak 

t h a t  caused c a t a s t r o p h i c  breakdown. 

The t o p  e l ec t rode  w a s  a t t acked  and c a r r i e d  away. 

E r r a t i c  behavior  w a s  gene ra l ly  t r a c e a b l e  t o  sc ra t ches  i n  t h e  

s u b s t r a t e  o r  p l a t eaus  on t h e  sur face .  The s c r a t c h e s ,  o f t e n  far t o o  

s u b t l e  t o  be seen  i n  t h e  i n i t i a l  i n spec t ion ,  became more apparent  a f te r  

depos i t i on  of t h e  bottom A1 e lec t rode  due t o  i t s  high degree of r e f l e c -  

t i v i t y .  The sc ra t ches  seemed t o  r e s u l t  from improper g r ind ing  and 

po l i sh ing .  P l a t eaus  on t h e  su r face  seemed t o  be t h e  r e s u l t  o f  resi-  

due l e f t  on t h e  su r face  by c leaning  so lven t s .  Chow28 t reats  t h e  prob- 

l e m  of f i lm  non-uniformity and i t s  e f f e c t s  on t h e  tunne l ing  cha rac t e r -  

i s t i c s ,  however h i s  r e s u l t s  were not  app l i cab le  t o  such d r a s t i c  cases  

as t h e  above. 
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l a c h a r a c t e r i s t i c  forming t i m e .  This i s  probably a t t r i b u t a b l e  t o  t h e  

CHAPTER I V  

SUMMARY OF CONCLUSIONS 

I number of  f r e e  r a d i c a l s  i n  t h e  polymer. This r educ t ion  t a k e s  p l a c e  

Seve ra l  conclusions may be drawn from t h e  above r e sea rch  

about t h e  MIM t unne l ing  junc t ion  as a device  and about t h e  s e v e r a l  com- 

I a t  an acce le ra t ed  rate when t h e  device  i s  exposed t o  t h e  atmosphere. 

ponents i n  it, I n  r a t h e r  abbrevia ted  form, t h e s e  conclusions are 

(1) The V-I  curves f o r  t h e  devices  can be expla ined  on t h e  

10  b a s i s  of tunnel ing  theory  as expressed i n  t h e  equat ions  of S t r a t t o n  

or Simmons . 5 

( 2 )  The devices  show some h y s t e r e s i s  at low vo l t ages  and 

formation of  a p o l a r i z a t i o n  charge i n  or a t  t h e  boundary of t h e  i n -  

s u l a t o r .  

( 3 )  Aging of  t h e  sample may be due t o  the r educ t ion  i n  t h e  

(4) F i e l d  and thermal  emission occur s imultaneously i n  t h e  

The two mechanisms can be sepa ra t ed  and i d e n t i -  t h i n  f i l m  junc t ions .  

f i e d .  

(5) The polymer i n s u l a t o r  has  a d i e l e c t r i c  cons tan t  at 1 kc 

of  2.8 and an  index of r e f r a c t i o n  of 1.5. 

with  zero  bias app l i ed ,  o f  about 1.05 ev.  The e f f e c t i v e  mass of  an 

It p r e s e n t s  a b a r r i e r  h e i g h t ,  

I e l e c t r o n  i n  t h e  forbidden band of  t h e  i n s u l a t o r ,  t r a v e l l i n g  perpen- 

d i c u l a r  t o  t h e  p lanes  of  polymer molecules ,  i s  0.11 me. 

( 6 )  Successfu l  tunnel ing  junc t ions  must be cons t ruc t ed  on 

s u b s t r a t e s  f r e e  of su r face  anomolies. Careful in spec t ion  under a micro- 

scope of more t han  5Ox i s  necessary t o  guarantee  t h a t  t h i s  i s  so .  
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APPENDIX I 

Stratton's equation fitted to sample 24A 

A I o  -bllV2 '10 
J = -  e e T V  

T 2 

0 -10 AI 
- -  - 7.3 3 - -83 x 1-0 a m p ~ .  

5 0  bll = 1.1 - -  2 

V 

- 5  

- 75 

- 9  

1 .0  

1.25 

1.50 

1- 75 

2.00 

2.3 

- c lo  
2 

3.65 

5.48 

6.56 

7.3 

9.12 

10.95 

12- 79 

14.6 

16.8 

v2 

25 

.562 

.81 

1 .0  

1.56 

2.25 

3.06 

4.00 

5.29 

b l P 2  

27 

.617 

89 

1.1 

1.72 

2.47 

3.37 

4 .4  

5.8 

L 

C 

r 2  
' - lo V-bllV2] 

3.38 

4.86 

5 -67 

6.2 

7.4 

8.48 

9.42 

10.2 

11.0 

0 e 

29 37 

129.0 

291. 

492 

1636 

4850 

12300 

27000 

59600 

JT 

2.45 10-9 

1.07 x 

2.42 x l o h 8  

4.08 x io-8 

1.36 10-7 

3.95 10-7 

1 .02  x 

2.24 x 

4.95 x lo-6 

. 
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